INTRODUCTION
============

Fragile X syndrome is the most frequent form of inherited mental retardation ([@b1]). The classical form of this disease is caused by DNA expansions of the CGG repeats, located in the promoter region of the *FMR1* gene, associated with hypermethylation of the repeating tract along with the upstream CpG island ([@b2]--[@b5]). Transcription silencing and the loss of the FMR1 protein (FMRP) are the consequences of this mutation. Unaffected individuals generally have 5--55 CGG repeats, whereas fragile X patients possess \>200 repeats ([@b6]). The premutation alleles found in the *FMR1* gene contain unmethylated expansions of 50--200 CGG repeats ([@b6],[@b7]). For the past several years, individuals harboring premutation alleles were referred to as asymptomatic. Recently, some of the premutation carriers have been demonstrated to exhibit one or more distinct clinical disorders: mild cognitive and behavioral deficits on the fragile-X spectrum, tremor ataxia syndrome (FXTAS) and premature ovarian failure (POF) ([@b8]).

The premutation alleles have a tendency to increase in repeat tract length upon maternal transmission and the risk of developing a full mutation, strongly depends on the size of CGG tracts in the premutation alleles ([@b9],[@b10]). However, the CGG length polymorphism is not the only sequence variation observed in the repeat region of the *FMR1* gene. A majority of the normal alleles of this gene harbor AGG interruptions disrupting the homogeneity of the CGG repeat stretch in periodic intervals (usually every 8--12 CGG repeats) ([@b11]--[@b13]). The most frequent are the alleles harboring two AGG interruptions, but cases of three and four interruptions were also observed. Loss of the heterogeneity of the CGG tract (AGG interruptions) leading to the lengthening of the uninterrupted trinucleotide repeat region is considered to be a crucial step towards the instability of the CGG repeats, resulting in the subsequent expansion of these sequences ([@b12],[@b13]). Thus, at the DNA level, the AGG interruptions play an important stabilizing role for the CGG tracts.

In the case of affected individuals with permutations, as well as patients with unmethylated (or partially methylated) full expansions, the relationship between mutation and the phenotype is much more complex than the simple transcription silencing mechanism described above. Several studies showed that the *FMR1* mRNA levels in the premutation carriers are significantly elevated ([@b14]--[@b16]). On the contrary, the amount of the FMRP was reduced, suggesting an impairment of the translation process and a compensatory induction of the *FMR1* mRNA synthesis ([@b16]--[@b19]). It has also been postulated that the elevated amount of mRNA is important for the formation of the neuronal inclusions observed in a few symptomatic premutation carriers, as well as in mouse and *Drosophila melanogaster* CGG premutation models ([@b8],[@b20]--[@b22]). The expanded CGG tracts in the 5′UTR *FMR1* mRNA impede translation of FMRP in a length-dependent manner ([@b16],[@b18]). The translation impairment is due to the stalling of the ribosome scanning process, hence the *FMR1* mRNA was found to be associated with light polysomes or with inactive ribonucleoparticles ([@b17],[@b18]).

The important role of RNA structure adopted by the GC-rich 5′UTR of the *FMR1* mRNA in the regulation of the *FMR1* gene expression was recurrently postulated ([@b16],[@b18],[@b23]--[@b27]). On the other hand, no detailed structural studies were reported to substantiate the involvement of the CGG RNA structure in the pathogenesis of the fragile X syndrome and other *FMR1*-related diseases. Herein, we show that CGG repeats present in the natural sequence context of the human 5′UTR *FMR1* mRNA form stable secondary structures, which have a potential to influence the mRNA function. We demonstrate that single nucleotide substitutions (AGG interruptions) in the CGG tracts play an important role in the formation of the *FMR1* mRNA structure, and both the length of the CGG tracts as well as their interruptions may have significant clinical implications for fragile X and other *FMR1*-related syndromes.

MATERIALS AND METHODS
=====================

DNA templates for *in vitro* transcription
------------------------------------------

DNA templates for *in vitro* transcription were obtained by PCR amplification. Transcripts fx1, fx2, fx3, fx4 and fx8 ([Table 1](#tbl1){ref-type="table"}) represent alleles of the *FMR1* gene commonly found in the general population. DNA samples from healthy individuals, selected from our laboratory genomic DNA collection, were screened by PCR with primers FAX1 5′ CGCTCAGCTCCGTTTCGGTTTCACTTCCGGT and FAX2 5′ AGCCCCGCACTTCCACCACCAGCTCCTCCA. The lengths of the radiolabeled PCR products were compared to the M13 sequencing ladder to determine the number of the CGG repeats present. The interruption status of amplified alleles was established by DNA sequencing. The selected alleles were reamplified with reverse primer FX1 5′ GGGGGCGTGCGGCAGCGCGG and the modified forward primer extended by the T~7~ RNA polymerase promoter FX2T7gg 5′ TAATACGACTCACTATAGGCGTGCGGCAGCG. All PCR reactions were performed in the same conditions: total volume of 20 μl, 1 μM of each primer, 200 μM of dATP, dCTP and dTTP, 100 μM of dGTP supplemented with 100 μM of N7deazadGTP (Boehringer Mannheim), 10% (v/v) dimethyl sulfoxide (DMSO) (Serva) and 0.5 U of AmpliTaq polymerase (Perkin Elmer) in a buffer containing 10 mM Tris (pH 8.3), 50 mM KCl and 1.5 mM MgCl~2~. PCR thermal cycling conditions were: 95°C for 3 min followed by 30 cycles of 95°C for 30 s, 72°C for 90 s with the final extension at 72°C for 7 min.

DNA templates for transcripts fx5, fx6 and fx7 ([Table 1](#tbl1){ref-type="table"}) were obtained using the PCR mutagenesis protocol with oligonucleotides harboring AGG interruptions: FX5oligo 5′ GGCGTGCGGCAGCG(CGG)~9~AGG(CGG)~11~, FX6oligo 5′ GGCGTGCGGCAGCG(CGG)~18~AGG(CGG)~4~ and FX7oligo 5′ GGCGTGCGGCAGCG(CGG)~9~AGG(CGG)~8~AGG(CGG)~4~. These oligonucleotides, radioactively labeled at the 5′ ends, were hybridized to the purified PCR product containing 28 CGG repeats with no AGG interruptions (template for the fx3 transcript) followed by the primer elongation step at 72°C for 30 min using 0.5 U of AmpliTaq DNA polymerase and 200 μM dNTPs. The elongation products were purified through a 6% denaturing polyacrylamide gel and PCR reamplified with the FX2T7gg and FX1 primers.

*In vitro* transcription and RNA labeling
-----------------------------------------

*In vitro* transcription reactions and 5′ end labeling of RNA molecules were performed as described earlier ([@b28]). To label the 3′ end, the RNA fragments were incubated with 20 U of T4 RNA ligase (Epicentre Technologies) and 30 μCi of \[^32^P\]pCp (Amersham Corp.), at 4°C for 16--18 h. The labeled RNAs were purified by electrophoresis on denaturing 10% polyacrylamide gels, localized on the gels by autoradiography and recovered as described earlier ([@b28]).

Analysis of RNA conformation using native PAGE
----------------------------------------------

In order to check for structure homogeneity of the RNA molecules, all labeled transcripts were analyzed on 5--10% polyacrylamide gels (400/300/0.8 mm, acrylamide/bisakrylamide--29/1) in non-denaturing conditions. The electrophoresis was conducted at a constant power of 10 or 20 W for 4--6 h in 0.5 × TB buffer (45 mM Tris--borate) at 20°C (identical to the temperature of chemical and enzymatic structure probing reactions). Prior to gel electrophoresis, the ^32^P-labeled transcripts were subjected to a denaturation/renaturation procedure in a solution containing 10 mM Tris--HCl (pH 7.2), 40 mM NaCl and 10 mM MgCl~2~, by heating the sample at 90°C for 1 min. and slowly cooling it to 20°C (∼1°C/min), and mixed with an equal volume of 7% sucrose with dyes. Electrophoresis performed in the presence of 1--10 mM Mg^2+^ and constant buffer circulation did not reveal any significant differences in the formation of stable conformers. The specific conditions for the temperature and pH dependence experiments are described in the legend to the Supplementary Figure 2.

Two different electrophoretic migration standards were used: ds69 and ds107. The ds69 represents dsRNA molecule, 69 bp long, obtained by hybridization of two complementary RNA oligomers: 5′ GGG(CUG)~21~CCC and 5′ GGG(CAG)~21~ CCC. The second marker, ds107, was obtained by annealing of the fx4 transcript with its complementary molecule containing 23 CCG repeats.

A number of transcripts analyzed in this study migrated on the native gels as two distinct conformers. In all cases, the contribution of the less prevalent conformer was too high to be neglected in the structure studies. Two assays were used to obtain conformer-specific structural data. First, the preparative amount of intact conformers was separated on a native 8% polyacrylamide gel, exposed to the X ray film and then separately excised and eluted from the gel with 20 mM Tris--HCl, pH 7.2. The conformer-specific structure probing was performed without the initial denaturation/renaturation step as described below. Alternatively, structure probing reactions were performed on the mixture of coexisting stable conformers and partially nicked RNA molecules that were resolved on native polyacrylamide gels. Nicked transcripts (due to the nuclease or lead ion hydrolysis), which migrate on native gels at the same rate as intact conformers, were eluted from the gel (with 0.3 M potassium acetate, pH 5.1, 1 mM EDTA and 0.1% SDS), precipitated and analyzed on denaturing polyacrylamide gels. Although, both methods led to identical results, the first, more straightforward approach was used more frequently. In order to rule out the possibility of sequence heterogeneity between the stable coexisting conformers, RNA sequencing analysis of each conformer was conducted using RNA Sequencing Kit (Pharmacia Biotech Inc.) according to the manufacturer\'s recommendations.

Nuclease digestions, lead cleavages and analysis of reaction products
---------------------------------------------------------------------

Prior to the structure probing reactions, the labeled transcripts were subjected to the denaturation/renaturation procedure as described above and supplemented with the unlabeled RNA carrier to the final concentration of 8 μM. Three different types of unlabeled RNAs were successfully used as carrier \[homologous CGG transcripts, crude CGG *in vitro* transcription products and yeast tRNA (Boehringer Mannheim)\] with no influence on the results of structure probing analyses. In addition, the electrophoretic migration of the CGG transcripts in non-denaturing conditions was unaffected by different types of carrier RNAs. Limited digestions with lead ions and nucleases S~1~, T~1~, V~1~, P~1~ were carried out in 10 mM Tris--HCl (pH 7.2), 40 mM NaCl and 1 or 10 mM MgCl~2~. No significant differences in the results of experiments conducted at varying MgCl~2~ concentrations were observed. In the case of S~1~ reactions, ZnCl~2~ was also present at the 1 mM concentration. The U~2~ ribonuclease reactions were performed in a buffer containing 10 mM sodium acetate, pH 5.5. Unless otherwise indicated, the reactions were carried out at 20°C for 20 min; different concentrations of lead ions and the nucleases were used as specified in the legends to the figures ([Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"} and [4](#fig4){ref-type="fig"}). All reactions were terminated by adding an equal volume of stop solution (7.5 M urea, 20 mM EDTA and 0.02% xylene cyanol) and sample freezing. The products of the RNA cleavages were analyzed as described earlier ([@b28]). In order to assign the cleavage sites, the alkaline hydrolysis ladder, limited Cl~3~ and U~2~ ribonuclease digests (cytosine- and adenine-specific, respectively) of the same RNA molecule, were analyzed on the polyacrylamide gel. The alkaline hydrolysis ladder was generated by incubation of the labeled RNA in formamide containing 0.5 mM MgCl~2~ at 100°C for 15 min. Partial Cl~3~ ribonuclease digestion of RNAs was performed in denaturing conditions (10 mM Tris--HCl, pH 8.0 and 7.5 M urea) with 0.025 U of the enzyme. Partial U~2~ ribonuclease cleavage was carried out in semi-denaturing conditions (10 mM sodium citrate, pH 3.5 and 3.5 M urea) with 1 U of the enzyme. The reaction mixtures were incubated at 55°C for 15 min. The LKB UltroScan XL densitometer (LKB) and scintillation counter (Beckmann) were used for quantitative analyses.

Chemical modifications of RNAs with dimethyl sulfate
----------------------------------------------------

The RNA molecules labeled at the 3′ end were subjected to chemical modification with dimethyl sulfate (DMS, Aldrich) in both non-denaturing (10 min, 20°C in 200 mM HEPES, pH 8.0, 50 mM KCl and 10 mM MgCl~2~) and denaturing (1 min, 90°C in 200 mM HEPES, pH 8.0 and 1 mM EDTA) conditions. The reactions were conducted as described earlier ([@b29]).

RESULTS
=======

RNA models and probes used for structure analyses
-------------------------------------------------

The structures of nine RNAs were analyzed in this study. All the transcripts harbored a tract of CGG repeats, which differed in the length of the repeating unit and/or their interruption status ([Table 1](#tbl1){ref-type="table"}). Three RNAs contained pure, uninterrupted CGG tracts composed of 19, 23 and 28 repeats (transcripts fx1--fx3, [Figure 1](#fig1){ref-type="fig"}). Three other transcripts harbored a single AGG interruption (fx4--fx6) and the remaining three RNAs had two AGG interruptions in the CGG region (fx7, fx8 and fx9; [Table 1](#tbl1){ref-type="table"}). All the transcripts represented different variants of the *FMR1* 5′UTR mRNA occurring in the general population. In order to properly select the length of the non-repeating *FMR1* sequences flanking the repeats, the *FMR1* mRNAs containing different length of CGG repeats were subjected to the extensive structure predictions using Mfold software ([@b30]) (Supplementary Figure 1A). The repeat flanking region that was always predicted to adopt identical structure, regardless of the length of the CGG tract, contained 14 nt at the 5′ side and 24 nt at the 3′ side of the repeats. Thus, this autonomous secondary structure module composed of 38 nt of total flanking sequences, in addition to the CGG repeating motif, was chosen for detailed structure analyses using different probing methods. In addition, this CGG repeats-containing module was also predicted to be capable of formation stable secondary structures by MatrixSS algorithm ([@b31]) (Supplementary Figure 1B). In order to preserve the natural *FMR1* sequence and to avoid formation of transcripts with a heterogeneous sequence at the 5′ end ([@b32],[@b33]), the *in vitro* transcription start site was selected at two consecutive G residues located 14 and 13 nt upstream of the CGG repeat tract. Length homogeneity and structure heterogeneity of the transcripts was determined using denaturing and non-denaturing polyacrylamide gel electrophoresis, respectively.

Uninterrupted CGG repeats form hairpin structures stabilized by flanking sequences
----------------------------------------------------------------------------------

The results of non-denaturing polyacrylamide gel electrophoresis demonstrated that transcripts fx1, fx2 and fx3 formed single, stable conformers ([Figure 2A](#fig2){ref-type="fig"}; data not shown). The detailed structural analyses revealed that all three transcripts formed hairpin structures. It is evident that only one region of the repeating tract, in each of the transcripts, showed an enhanced reactivity to S~1~ and T~1~ nucleases ([Figure 1](#fig1){ref-type="fig"}). The strongest cleavages occurred at the 12th, 14th and at both the 16th and 17th CGG repeats for the fx1, fx2 and fx3 transcripts, respectively. The topography of the terminal loops cleavages, and the proposed loop structures are shown in [Figure 1D](#fig1){ref-type="fig"}. The number of phosphodiester bonds cleaved by the single-strand specific nucleases, as well as the cleavage intensity was very similar for fx1 and fx2 transcripts (odd number of CGG repeats), suggesting an identical terminal hairpin loop, composed of 3 nt ([Figure 1D](#fig1){ref-type="fig"}). The cleavage pattern observed for fx3, harboring an even number of CGGs, was significantly different and was consistent with a larger loop, containing 6 nt ([Figure 1C and D](#fig1){ref-type="fig"}).

The CGG repeats involved in the formation of the terminal hairpin loops in all three transcripts did not correspond to the center of symmetry of the repeated tract (repeats 10, 12, 14/15 for fx1, fx2 and fx3, respectively). This is possible only if part of the CGG repeats located at the 5′ end of the transcripts interact with the 3′-flanking, non-repeating sequences. Indeed, the CGG repeats 1--4 do not interact with the corresponding CGG repeats at the 3′ end of the transcripts, instead they stabilize hairpin structures of fx1, fx2 and fx3 by interacting with non-repeating flanking sequences ([Figure 1D](#fig1){ref-type="fig"}).

The second major difference, besides the size of the terminal hairpin loop, between transcripts harboring 19, 23 and 28 repeats, was the increasing stability of the hairpin stem with the lengthening of the repeating tract. This was evident from the reduced reactivity of the stem phosphodiester bonds (especially the most reactive CpG bond of the CGG motif) to lead ion induced hydrolysis ([Figure 1A and B](#fig1){ref-type="fig"}). The overall reactivity of the hairpin stem to lead ions suggested a relaxed structure of the hairpins stems, composed of two standard CG/GC base pairs, separated by GG mismatches. The enhanced reactivity of the CpG phosphodiester bond to lead ions, and a higher intensity of the S~1~ induced cleavage of the GpG bonds, supports the C[G]{.ul}G alignment of the hairpin stems with the first G residue of each CGG motif involved in non Watson--Crick GG interactions.

Thus, we conclude that uninterrupted CGG repeats, in the context of the human *FMR1* 5′UTR sequence, formed stable hairpin structures. Unlike dCGG sequences ([@b34]), analyses of the CGG transcripts did not reveal the formation of tetraplex structures.

A single AGG interruption destabilizes CGG hairpins in a position-dependent manner
----------------------------------------------------------------------------------

The RNA structure of the three transcripts harboring single C→A substitutions was analyzed. The fx6 transcript adopted a single stable structure, whereas fx4 and fx5 formed two different structures ([Figure 2](#fig2){ref-type="fig"}).

Transcript fx6 was the only RNA in the studied group harboring a single AGG interruption at the 3′ end of the CGG tract. Although the sequence of the fx6 transcript is similar to that of the fx5 RNA (both contain 28 CGG repeats with 1 AGG interruption), structurally, fx6 resembled the fx3 transcript (compare [Figures 1B](#fig1){ref-type="fig"} and [2E](#fig2){ref-type="fig"}) much closer. Only one region of the repeat tract (repeats 14--19; [Figure 3C](#fig3){ref-type="fig"}) underwent an efficient cleavage by S~1~ and T~1~ nucleases. This region, encompassing 17 phosphodiester bonds, formed a large terminal loop of the proposed hairpin structure ([Figure 3C](#fig3){ref-type="fig"}). Uneven reactivity of the loop phosphodiester bonds to the single-strand specific probes suggested a dynamic structure stabilized by the presence of intra-loop interactions between specific residues of the 14th/15th and 17th/18th repeats ([Figure 3C](#fig3){ref-type="fig"}, dashed lines). In addition, efficient cleavage of the A69G70 phosphodiester bond by ribonuclease U~2~ confirmed the single-stranded status of the RNA region containing the AGG interruption ([Figure 2E](#fig2){ref-type="fig"}).

Transcript fx4 is the shortest RNA harboring one AGG interruption analyzed. The single nucleotide substitution at position 42 that differentiates fx4 RNA from the fx2 transcript had significant structural consequences. The results of native polyacrylamide gel electrophoresis demonstrated that fx4 forms two stable coexisting conformers ([Figure 2A](#fig2){ref-type="fig"}). The ratio between F and S conformers did not depend on the RNA concentration (in the range of pg to μg, the same results obtained for fx4, fx5 and fx7--fx9). Thus, intermolecular interactions (i.e. dimer formation) in the case of a slow migrating conformer were highly unlikely.

The structures of the F (fast migration) and S (slow migration) conformers were analyzed separately. Structure probing analysis of the slower migrating conformer (fx4 S) revealed the presence of three regions within the CGG repeats tract that were susceptible to cleavages by S~1~ and T~1~ ([Figure 2B](#fig2){ref-type="fig"}). Loop *a* mapped at the AGG interruption (residues 42--44), loop *b* (residues of 13--15 repeat) and loop *c* (repeat 18) were easily accessible for these single-strand specific probes ([Figures 2B](#fig2){ref-type="fig"} and [3C](#fig3){ref-type="fig"}). Results with U~2~ ribonuclease also corroborated these results ([Figure 2C](#fig2){ref-type="fig"}). In addition, quantitative analyses showed that lead ions induced a much stronger hydrolysis in the loop regions than in the rest of the repeating sequences.

The S~1~ and T~1~ cleavage patterns of the loop *b* revealed its similarity to the terminal hairpin loop of the fx2 transcript. The stem structure adjacent to the loop *b* was however, cleaved more efficiently than the fx2 stem region, perhaps due to the overall higher rigidity of the fx2 hairpin structure. On the other hand, the S~1~ and T~1~ digestion pattern of loop *a* (containing the AGG interruption) was different from the patterns obtained for CGG-containing loops ([Figure 2B and D](#fig2){ref-type="fig"}).

In addition to the distinct electrophoretic mobilities, the most apparent differences between the F and S fx4 conformers were the dramatic reduction in cleavages of loop *c* in fx4 F, accompanied by a minor increase of the reactivity at loops *a* and *b* (without change in the specificity of S~1~ and T~1~ cleavages, [Figures 2B](#fig2){ref-type="fig"} and [3A,B](#fig3){ref-type="fig"}). In the secondary structure model of fx4 F shown in [Figure 3B](#fig3){ref-type="fig"}, we propose that the 3′ CGG region (repeats 16--23) forms a few small trinucleotide CGG bulges. Their location is random and can undergo dynamic changes (in the [Figure 3B](#fig3){ref-type="fig"} model, bulges formed by repeat 17, 20 and 23 are shown as one of several possible alignments). Hence, conformation F may represent a mixture of very similar slippery structures, all harboring two loops (*a* and *b*) and the alternatively aligned 3′ part of the CGG tract (repeats 16--23) with several 3 nt bulges, which are undetectable by S~1~ or T~1~ nuclease, possibly due to strong stacking interactions. The faster electrophoretic migration of fx4 F also supports its more rigid, hairpin-like structure when compared to the four-way junction in fx4 S RNA. Although this is the most plausible explanation of the structure probing data, we cannot entirely rule out the possibility of tertiary interactions between the loop *c* and other regions in the fx4 F transcript.

Interestingly, transcript fx5 harboring 28 CGG repeats with a single AGG interruption located close to the 5′ end of the repeats ([Table 1](#tbl1){ref-type="table"}), demonstrated similar structural properties to the fx4 RNA, i.e. formation of two stable conformers as well as very similar nuclease susceptibility patterns for the S and F conformers ([Figure 2D](#fig2){ref-type="fig"}). These data strongly suggest that fragments of the *FMR1* 5′UTR with a similar interruption arrangement will exhibit the same structural properties. Moreover, these results demonstrated that even single-nucleotide changes in the long stretch of the reiterative sequence can have a dramatic impact on the RNA secondary structure.

The CGG region of the most common FMR1 mRNA 5′UTR variants adopts a Y-shaped structure
--------------------------------------------------------------------------------------

Alleles harboring 28, 29 and 30 CGG repeats with two AGG interruptions comprise ∼65% of the different *FMR1* 5′UTR variants ([@b11],[@b12]). The fx7 and fx8 transcripts formed two stable conformers, which differ significantly in their rate of migration during native PAGE ([Figure 1A](#fig1){ref-type="fig"}). Very slow migration of the fx7 S and fx8 S suggested that the structure of these conformers differs significantly from the transcripts described earlier. As demonstrated using P~1~, S~1~, V~1~, T~1~ and U~2~ nucleases, fx7 S and fx8 S adopt Y-shaped structures composed of 3 helical regions (h1, h2, h3) joint by a three-way junction, with CGG repeats located in helix 2 and 3 ([Figure 4](#fig4){ref-type="fig"}). The first AGG interruption formed a trinucleotide loop (loop *a*), structurally identical to loop *a* of fx4 or fx5 (compare [Figures 4A,D](#fig4){ref-type="fig"} and [2B,D](#fig2){ref-type="fig"}), while the second AGG interruption was located at the three-way helical junction and was not cleaved by S~1~, T~1~ or P~1~ nucleases ([Figure 4](#fig4){ref-type="fig"}). Only lead ions were capable of detecting the structural changes induced by this three-way junction and hydrolyzing the phosphodiester bonds at the junction region ([Figure 4A](#fig4){ref-type="fig"} for fx7 S and 4d for fx8 S). It has been previously demonstrated that lead ions are often able to recognize and cleave more subtle structural elements than enzymatic probes ([@b28],[@b35],[@b36]). Lead ions also induced hydrolysis at the single-stranded regions of loop *a*, loop *b*, and internal loops of the helix 3 ([Figure 4A and D](#fig4){ref-type="fig"}). The relatively low reactivity of the fx7 S and fx8 S to the single-strand specific probes (except loops *a* and *b*) was accompanied by very high susceptibility to V~1~ nuclease---a double strand RNA-specific enzyme ([Figure 4C](#fig4){ref-type="fig"}). Regions flanking the CGG repeats, part of helix 2 (phosphodiester bonds p18--p37 in fx7 S) and part of helix 3 including the three-way junction (p61--p85 in fx7 S) were highly susceptible to the V~1~ cleavage, while the loops *a* and *b* were not recognized by this enzyme. Altogether, these results were consistent with the formation of a Y-shaped structure by the fx7 S RNA.

The results of the native gel electrophoresis indicated the presence of faster migrating fractions---conformers fx7 F and fx8 F. The structural polymorphism was independent of various electrophoresis conditions, including the concentration of Mg^2+^ ions (0.1--50 mM) or the presence of different monovalent ions such as Na^+^, K^+^ and NH~4~^+^. However, PAGE as well as S~1~ nuclease probing conducted at increasing temperatures indicated a much higher stability of the F conformer compared with S conformer (Supplementary Figure 2A and B). In addition, the pH of the incubation buffer had no influence on the stability of the F conformer, although a low pH (\<4.5) readily induced a transformation from fx7 S to fx7 F (Supplementary Figure 2C).

[Figure 4A and B](#fig4){ref-type="fig"} shows the results of nuclease digestions and lead ion induced hydrolysis of the fx7 F transcript. It is important to note that all structure probing reactions were conducted at the same time for both S and F forms, and the reaction products were analyzed in the same polyacrylamide gel, therefore, enabling direct qualitative and quantitative comparison of the results. S~1~, P~1~ and T~1~ all cleaved the fx7 F conformer at precisely the same phosphodiester bonds, within loop *a* and loop *b*, as cleavages in the fx7 S conformer; however, the intensity of nuclease cuts was ∼5 times lower ([Figure 4A and B](#fig4){ref-type="fig"}). In addition, the central part of fx7 was hydrolyzed efficiently by single-strand specific endonucleases. This region encompassed nucleotides of the 15--21 repeats with phosphodiester bonds p68--p72, demonstrating the highest reactivity. Similarly, U~2~ ribonuclease cleaved the A42G43 bond very poorly in the fx7 F transcript compared with fx7 S. In contrast, the A69G70 phosphodiester bond (the second AGG interruption) was cut very efficiently in fx7 F ([Figure 4B](#fig4){ref-type="fig"}). This pattern of hydrolysis observed for fx7 F seems to be consistent with the presence of a hairpin structure that contains a large terminal loop spanning CGG repeats surrounding the second AGG interruption. Minor cuts detected in the loop *a* and *b* regions could, perhaps, result from a small amount of 'contamination' of fx7 F with the fx7 S conformer. However, two important facts argue against this hairpin model: first, the likelihood of cross contamination of the fx7 F with fx7 S has been experimentally excluded, since fx7 F demonstrated very high stability (the reverse process S→F is much more probable, Supplementary Figure 2); second, the transition process from conformer S to the hairpin structure would require the breaking of almost all hydrogen bonds in fx7 S and reestablishing entirely new interactions. A substantial input of energy would be necessary for such a dramatic structural change. This argues against a spontaneous S→F conversion, which can be effectively stimulated just by lowering the pH (Supplementary Figure 2C). Moreover, structural data obtained from S~1~ nuclease monitored thermal melting of the fx7 S, showed that the stability of the three-way junction played the most important role in the fx7 S→fx7 F transition (Supplementary Figure 2A). The high G+C contents of the *FMR1* 5′UTR implied the potential involvement of tetraplex structures. The data obtained from DMS modification experiments demonstrated that all the guanines of the fx7 F were susceptible to methylation, therefore ruling out the possibility of helices 2 and 3 adopting a tetraplex conformation (Supplementary Figure 3).

The secondary structure model of the fx7 F is presented in the [Figure 4E](#fig4){ref-type="fig"}. We propose, that the region of the second AGG interruption forms a third loop (loop *c*), stabilized by helix 4, resulting in a rearrangement of the three-way junction structure present in fx7 S into a four-way junction conformation. We hypothesize that the change in the type of junction influences the tertiary interactions between the helices ([Figure 4E](#fig4){ref-type="fig"}, inset).

Compared to fx7, transcript fx8 harbors 2 additional CGG repeats; one located at the 5′ region of the first AGG interruption and the other between the AGG interruptions. The only structural effect of the lengthening of this RNA molecule was the extension of helix 2 by one repetitive unit (CGG)·(CCG) ([Figure 4E](#fig4){ref-type="fig"}). All other properties of fx8 S and fx8 F were identical to those described above for fx7, again suggesting that the AGG interruption status will determine the structural properties of the *FMR1* 5′UTR. This conclusion was further corroborated by structural analyses of the fx9 transcript containing 47 repeats and the interruption pattern identical to the fx7 ([Table 1](#tbl1){ref-type="table"}, Supplementary Figure 4).

DISCUSSION
==========

CGG repeat expansion in the *FMR1* 5′UTR causes four different clinical phenotypes: FXS, mild cognitive and behavioral deficits on the fragile-X spectrum, FXTAS and POF ([@b8]). Recently, it has become apparent that defects in *FMR1* mRNA metabolism might be responsible for all the distinct phenotypes associated with the intermediate and premutation size alleles (40--200 CGG repeats). Several different processes in the *FMR1* expression, including the elevated level of *FMR1* transcription, changes in the transcription start sites ([@b37]), reduced translation of *FMR1* mRNA ([@b16],[@b18],[@b19]), and interaction of the *FMR1* mRNA with specific rCGG binding proteins ([@b38]), have been implicated in RNA-mediated pathogenesis of these disorders. We propose that the structure of the CGG region of *FMR1* mRNA can contribute to most of the above mentioned RNA level defects found in the *FMR1*-related syndromes.

In this study, we have determined the structures of the trinucleotide repeat region in transcripts from a variety of normal *FMR1* alleles containing uninterrupted CGG repeats, as well as those harboring 1 or 2 AGG interruptions. We intended to answer the question: could the CGG repeat region be protected from adopting stable RNA structures, similar to CUG hairpins known to affect normal functions of cells in myotonic dystrophy patients ([@b28])? This question was particularly important from the perspective of the RNA-mediated pathogenesis of FXTAS, since a substantial portion of various *FMR1* premutation alleles retain AGG interruptions as protective elements in their repeated sequences ([@b12]).

To evaluate the structural role of AGG interruptions in the CGG repeat tracts, we first determined the structure formed by pure repeats of various lengths and their non-repeating flanking sequences within the *FMR1* 5′UTR. The structure was a hairpin, more stable at its base due to the contribution of both the CGG repeats and the specific flanking sequences. The only imperfections present in its repeat portion were periodic GG mismatches formed within the hairpin stem. Although this arrangement of the repeated sequence was determined by the base-pairing occurring within the interacting flanking sequences, the CGG repeats were recently shown to align in a similar frame in shorter oligonucleotides in which they could fold without any constrains ([@b23]). Thus, the reference structure was established and its various distortions, caused by the presence of the AGG interruptions, were investigated in several *FMR1* transcripts. Detailed analyses of the nature of these diverse structures demonstrated distinct positional effects of the AGG repeat interruptions.

From the perspective of RNA folding, the AGG interruptions within the CGG repeat tracts may be considered as either single or double C→A substitutions, occurring at specific positions or sequence intervals. In the established frames of the CGG repeats interacting within the stem structure, the A nucleotides would face the second G of the CGG repeat. This kind of interaction, however, is not observed in the analyzed transcripts. This is most likely because the AG oppositions, which are known to occur in different geometries in other RNA structures ([@b39],[@b40]), are strongly disfavored in the repeated CGG sequence context. In fact, it has been demonstrated that the influence of GA mismatches on RNA helix stability strongly depends on the sequence context ([@b41]). In a pair of short CG rich complementary RNA oligonucleotides harboring two GA mismatches, the structural distortion introduced by GA mispairs could be so severe that, in some circumstances, it prevented the formation of a duplex RNA ([@b41]). In agreement, we observed a clear tendency of the A nucleotides to localize in the autonomous loop structures (e.g. loop *a* of fx4, fx7, fx8 and fx9). Among the structures analyzed, the only exception were the fx6 transcript in which the hairpin terminal loop was enlarged due to the appropriate A residue localization, and S conformers of the fx7 and fx8. In the latter two cases, the second A substitution lies within one of the double-stranded arms of the Y-shaped structure and pairs with the U residue of the 3′-flanking sequence in close vicinity of the three-way junction. However, in the F conformers of these transcripts, the second A residue was present within a newly formed loop *c* ([Figure 4E](#fig4){ref-type="fig"}). Since the S→F conformer transformation is pH-dependent and occurs more rapidly in acidic solution, it is tempting to speculate that the protonation of adenine and cytosine residues (pKa ∼ 4) at the critical three-way junction region (C18, C107 and A69) may be considered the driving force for the observed structural rearrangement. Protonation of A and C residues could lead to the destabilization of the canonical GC and AU base pairs ([@b42]) adjacent to the junction structure. Similar pH-induced conformational switch between two different RNA structures has been described for *Escherichia coli* 5S ribosomal RNA ([@b43]) and *E.coli* αmRNA ([@b44]).

Biological role of the C→A substitutions present in the repeat tracts of transcripts from normal alleles of the *FMR1* gene is to prevent the formation of long and stable CGG repeat hairpins ([Figure 5](#fig5){ref-type="fig"}), which may decrease the efficiency of the initiation of FMRP translation ([@b19]). Depending on the number and localization of these substitutions, the different hairpin structure destabilization strategies are carried out. They range from terminal loop enlargement as in fx6, to dissecting the repeats region into two or more smaller hairpins ([Figure 5](#fig5){ref-type="fig"}). A similar structural role seems to be played by the C→A substitutions in transcripts from the *FMR1* premutation alleles ([@b25]). The repeat interruptions that occur in premutation alleles are biased toward those localizing at the 5′-end of the repeat ([@b12]). Therefore, they are likely to protect the premutation carriers from FXTAS or other RNA-related defects by shortening the effective length of hairpin composed of pure CGG repeats. The largest molecule analyzed in this study was just below the length threshold for the shortest premutation alleles (47 repeats). Therefore, we cannot entirely rule out that the elongated *FMR1* mRNAs will adopt different structures after passing the pathogenic barrier of 50--55 repeats. We could only speculate that the lengthening of the transcripts by another 3--8 CGG repeats (from 47 to 50--55 repeats) will cause only minor structural differences if the AGG interruption status remains unchanged. This prediction is supported by our data on the structure of fx7 and fx9, which differ substantially in the total number of repeats (28 versus 47), but share virtually an identical structural plan (except for the elongation of the helix 3). Similarly, both fx1 and fx3 (19 and 28 repeats, respectively) formed hairpins and it would be highly unlikely to expect transcripts containing uninterrupted CGG tract in the premutation range to adopt different conformation. Thus, it seems to be justifiable to extrapolate our structural conclusions from the normal RNAs into the premutation size transcripts.

In the current model of RNA-mediated toxicity postulated for FXTAS, the total length of the CGG tract is essential ([@b8]). Herein, we propose that the AGG interruption status could influence the correlation between the repeat size and the clinical outcome. The role of RNA structure of the 5′UTR *FMR1* mRNA may be particularly important for a phenotype in the carriers of the short premutation or long normal alleles. In the model ([Figure 6](#fig6){ref-type="fig"}), we propose the existence of the RNA structure-dependent zone (SDZ) encompassing both long normal and short premutation alleles. The fate of the transcripts falling into that zone primarily depends on the AGG interruption status, i.e. RNA structure of the *FMR1* 5′UTR, but not solely on the total length of the repeat tract ([Figure 6](#fig6){ref-type="fig"}, upper part). Therefore, long normal *FMR1* transcripts harboring pure CGG repeats may lead to the *FMR1*-related premutation phenotypes (e.g. FXTAS), since long and very stable hairpin structures may influence RNA level processes such as aberrant RNA protein binding and RNA foci formation. On the other hand, individuals harboring premutation size *FMR1* mRNAs but containing AGG interruptions (hence adopting less stable, 'non-toxic' RNA structure) can be completely asymptomatic. Thus, within the structure-dependent zone, RNA structure, not simply the alleles length, can determine the phenotypic outcome. It is also possible that the structural status of the *FMR1* 5′UTR influences the age of onset, phenotypic variability and/or severity of the FXTAS symptoms. It has already been demonstrated that only a fraction \[17--75% depending on the age ([@b45])\] of male *FMR1* premutation carriers will develop FXTAS. This incomplete penetrance of FXTAS may, at least in some cases, be caused by differences in the structure of the *FMR1* mRNA leader. In order to verify this model, further clinical studies are necessary to correlate the incidence of *FMR1*-related phenotypes with the allelic variations in the premutation carriers and *FMR1* mRNA structure.
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![Structure analysis of 5′UTR fragments of the *FMR1* mRNA containing uninterrupted CGG repeats. (**A**) Cleavage patterns obtained for 5′ end labeled fx2 transcript harboring 23 CGG repeats treated with: Pb(II), lanes 1--3 correspond to 0.25, 0.5 and 1.0 mM lead acetate, respectively; S~1~, lanes 1--3 correspond to 0.675, 1.35 and 2.7 U/μl of S~1~ nuclease, respectively; T~1~, lanes 1--3 correspond to 0.1, 0.3 and 0.5 U/μl of T~1~ ribonuclease, respectively; lane C, incubation control; L, formamide ladder; Cl~3~, cytosine-specific ladder. The first and the last cytosine of the CGG tract are indicated. Electrophoresis was conducted in a 10% denaturing polyacrylamide gel. (**B**) Cleavage patterns obtained for 5′ end labeled fx3 transcript harboring 28 CGG repeats. The reaction conditions were the same as indicated in the panel A. (**C**) Cleavage patterns obtained for the terminal loops of the hairpin structures for fx1 transcript (odd number of CGG repeats) and fx3 transcript (even number of CGG repeats). Specificity and intensity of the cleavages induced by S~1~ and T~1~ nucleases are shown below. Size of the symbols corresponds to the relative cleavage intensity. (**D**) Proposed secondary structure model of the *FMR1* 5′UTR fragments containing 23 and 28 uninterrupted CGG repeats. It is noted that the regions flanking the CGG tract in both models, regardless of the number of repeats, adopted an identical secondary structure. The phosphodiester bonds susceptible to the lead-induced cleavages in the fx2 stem has only been shown for the 10th repeat of the hairpin for clarity; however, the same cleavage pattern was seen for all the remaining repeats of the CGG stem. The pattern of the lead ion cleavages observed in the terminal loop of fx3 is indicated. Phosphodiester bonds of the fx2 hairpin loop were very mildly cleaved by lead ions (repeats 13--15, not shown on the model). The sites of weakest cleavage induced by enzymatic probes in the CGG stem are not indicated. Numbers of the consecutive CGG repeats are italicized.](gki186f1){#fig1}

![Structure analysis of 5′UTR fragments of the *FMR1* mRNA containing CGG repeats with single AGG interruption. (**A**) Native polyacrylamide gel electrophoresis of the 5′ labeled transcripts. Arrowheads indicate coexisting stable slow migrating (S) and fast migrating (F) conformers. The ds69 and ds107 represent dsRNA migration standards (see Materials and Methods). (**B**--**C**) Cleavage patterns obtained for 5′ end labeled conformers S and F of the fx4 transcript treated with: Pb(II), lanes 1 and 2 correspond to 0.25 and 1.0 mM lead acetate, respectively; S~1~, lanes 1 and 2 correspond to 0.675 and 2.7 U/μl of S~1~ nuclease, respectively; T~1~, lanes 1 and 2 correspond to 0.1 and 0.5 U/μl of T~1~ ribonuclease, respectively; U~2~, lanes 1 and 2 correspond to 0.5 and 1 U/μl of U~2~ ribonuclease; lane C, incubation control; L, formamide ladder; Cl~3~, cytosine-specific ladder; U~2~, adenine-specific ladder. The first and the last cytosine of the CGG tract are indicated, as well as the adenine residue of the AGG interruption. The regions of the RNA molecules predicted to form single-stranded loops are shown. Electrophoresis was conducted in a 10% denaturing polyacrylamide gel. (**D**) Cleavage patterns obtained for 5′ end labeled conformers S and F of the fx5 transcript. The reaction conditions were the same as indicated in the panel B and C. (**E**) Results of the enzymatic probing of the 5′ end labeled fx6 transcript. The reaction conditions were the same as indicated in the panel B and C.](gki186f2){#fig2}

![Secondary structure models of the fx4 and the fx6 transcripts. Both *FMR1* 5′UTR fragments contain 23 CGG repeats with a single AGG interruption located at 10th (fx4) and 19th (fx6) repeat. For the fx4 transcript, the models of the *S* as well as the *F* conformer are shown. Size of the symbols corresponds to the relative cleavage intensity induced by S~1~ and T~1~ nucleases in the CGG region. Numbers indicating the consecutive CGG repeats are italicized.](gki186f3){#fig3}

![Structure analysis of 5′UTR fragments of the *FMR1* mRNA containing CGG repeats with two AGG interruptions. (**A**) Cleavage patterns obtained for 5′ end labeled conformers S and F of the fx7 transcript harboring 28 CGG repeats with two AGG interruptions treated with Pb(II), S~1~ nuclease and T~1~ ribonuclease. The reaction conditions were the same as indicated in [Figure 1](#fig1){ref-type="fig"}. The first and the last cytosines of the CGG tract, as well as both the adenine residues of the AGG interruptions are indicated. The regions corresponding to the loops *a*, *b* and *c* are marked. Electrophoresis was conducted in a 10% denaturing polyacrylamide gel. (**B**) Cleavage patterns obtained for both the S and F conformers of the fx7 with: P~1~, lanes 1--3 correspond to 5, 7.5 and 10 μg/ml of P~1~ nuclease, respectively; U~2~, lanes 1 and 2 correspond to 0.5 and 1.0 U/μl of U~2~ ribonuclease, respectively. (**C**) Cleavage patterns obtained for conformer S of the fx7 transcript digested with V~1~ ribonuclease; lanes 1--3 correspond to 4.6, 9.1 and 18.2 μ/ml of V~1~ ribonuclease. (**D**) Results of the structure probing of the fx8 transcript (conformer S) with Pb(II), S~1~ nuclease and T~1~ ribonuclease. The reactions were carried out as described in the legend to the [Figure 2](#fig2){ref-type="fig"}. (**E**) Proposed secondary structure models of the *FMR1* 5′UTR fragments containing 28 and 30 CGG repeats with two AGG interruptions. Models of the conformers S and F are shown separately for the transcript fx7. The only difference between the structure of the fx7 and fx8 transcripts is the length of the helical region 2 (h2). Thus, for clarity, only the helix h2 terminated with the loop *a* is shown for the fx8 transcript conformer S. It is noted that the regions flanking the CGG tract in both the models, regardless of the number of repeats, adopted identical secondary structures. Specificity and intensity of the cleavages induced by S~1~, T~1~ and U~2~ ribonuclease are indicated. Size of the symbols corresponds to the relative cleavage intensity. Shaded area represents V~1~ ribonuclease-sensitive regions. Terminal loops of the helical regions h2 (h2′), h3 (h3′) and h4 are designated as *a*, *b* and *c*, respectively. Numbers indicating the trinucleotide repeats are italicized. Below, model for the temperature and low pH induced tertiary transition from the conformer S to the conformer F of the fx7 and fx8 transcripts (see Supplementary Figure 2).](gki186f4){#fig4}

![Models for the interruption-mediated destabilization of the CGG tracts. Black regions represent flanking sequences, the CGG repeats in the 5′UTR of *FMR1* mRNAs are shown in blue, and red rectangles represent AGG interruptions. (**A**) Comparison of different strategies of the AGG interruption induced CGG tract destabilization observed in the normal size FMR1 transcripts. Schematic models are based on experimental data and RNA structure prediction algorithms ([@b30]). (**B**) Influence of the interruptions on structure and free energy of the premutation size transcripts. Sequential loss of AGGs decreases *ΔG* of the RNA molecules and results in the formation of the most stable form ---hairpin structure. Data based on secondary structure prediction of RNA transcripts harboring 60 repeats in the following configurations: (CGG)~9~AGG(CGG)~9~AGG(CGG)~40~, (CGG)~9~AGG(CGG)~50~ and (CGG)~60~.](gki186f5){#fig5}

![Postulated role of the 5′UTR structure in the pathogenesis of the *FMR1*-related CGG expansions diseases. Blue bars represent CGG tracts, while red rectangles symbolize AGG interruptions. The CGG region in the 5′UTR of *FMR1* mRNAs is shown in blue. The remaining portion of *FMR1* transcripts is shown in black. SDZ shows the RNA structure-dependent zone (see Discussion). Large CGG expansions (full mutations) in a vast majority of cases lead to the methylation-induced transcriptional silencing of the *FMR1* gene; however, translation abnormalities (bottom) were also reported ([@b17]).](gki186f6){#fig6}

###### 

Characteristics of *in vitro* transcripts used in this study

  Transcript   Number of repeats   Interruption status                       Length of the transcript (nt)[a](#tf1-1){ref-type="table-fn"}
  ------------ ------------------- ----------------------------------------- ---------------------------------------------------------------
  fx1          19                  (CGG)~19~                                 95
  fx2          23                  (CGG)~23~                                 107
  fx3          28                  (CGG)~28~                                 122
  fx4          23                  (CGG)~9~**AGG**(CGG)~13~                  107
  fx5          28                  (CGG)~9~**AGG**(CGG)~18~                  122
  fx6          28                  (CGG)~18~**AGG**(CGG)~9~                  122
  fx7          28                  (CGG)~9~**AGG**(CGG)~8~**AGG**(CGG)~9~    122
  fx8          30                  (CGG)~10~**AGG**(CGG)~9~**AGG**(CGG)~9~   128
  fx9          47                  (CGG)~9~**AGG**(CGG)~8~**AGG**(CGG)~28~   179

^a^Total length of the analyzed transcript, including 14 nt at the 5′ end and 24 nt at the 3′ end of the CGG repeats.
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